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Helium ash production, transport, and removal will play a decisive role in determining the cost and the viability of a deuterium-tritium fusion reactor based on magnetic confinement schemes.
Studied-5 indicate that ash concentration, and ultimately its reduction, in a future reactor w i l l depend critically on the relationship between energy transport and helium particle transport in the plasma core, as well as particle reflux properties at the plasma boundary. If transport of helium ash from the core to the edge is slow compared to its production rate, the ash may quench the burn before any significant pumping can take place. Moreover, even if the core helium transport is rapid, inefficient edge pumping or reduced edge transport might lead to intolerably high central ash densities.
Deuterium-tritium @T) operation on TFTR6.7 provides the first opportunity to observe the production of helium ash and its transport. Although the fusion power in these plasmas (-5 M W ) is modest by reactor standards, the on-axis helium ash source strength is comparable to that expected for ITER. Also, while a reactor-relevant helium pumping scheme needs to be developed, the TFIR bumper limiter pumps helium and other noble gases.* These facts enable the study of a prototypical reactor with all the essential elements as they pertain to ash birth, transport, and removal. As such, DT operation allows testing of expectations from earlier helium transport experiments. Using gas puffingg~10*11 and helium beam injection,l* these studies have generally concluded that core helium transport should be fast enough to remove helium ash from the plasma center, before significant accumulation can occur, and deposit it in the plasma periphery, where it might be pumped.
Presented in this report are the first measurements of the transport of helium ash born in a deuterium-tritium tokamak phsma. Pairs of similar deuterium-only (DD] and deuterium-tritium (DT) plasmas were investigated. The measurements were made using charge-exchange recombination spectroscopy (CHERS).13 The thermal helium density nHe was inferred by observing Dopplerbroadened emission from the 4686 A, n = 4-3 He+ line, excited by charge exchange between deuterium heating beam neutrals and He2+. These measurements present a challenge for several reasons. First, helium is present in all TFTR plasmas to some degree. Typical helium concentrations axe about 0.2 -0.3% of the electron density during the neutral beam heating phase, yet the maximum ash concentration expected in high-power DT plasmas is about 0.296, implying that the desired signal will rest on top of a large background. Also, bright emission of the same line from the cooler Michelson interferometer, was 9 keV in the high power phase of both plasmas, and dropped to 7 keV in the latter phase. The central electron density was 6.7 -7 x 1019 m-3 in the high power phase of each discharge, falling to 4.5~1019 m-3 in the 12 MW portion. The central &E, inferred from visible bremsstrahlung measurements, was 3 in the high power phase, dropping to 2.4 in the low power phase. The enhancement factor over L Mode energy confinement time values was 1.9 during high-power injection, and 1.4 in the latter phase. Sawteeth were absent from the DT discharge until 4.98 s, 20 ms prior to the end of neutral beam injection, and were absent from the DD discharge.
The DT plasma also had fishbone activity throughout most of the neutral beam heating phase. Fiber transmission dropped transiently by 9% during tritium injection due to high neutron and gamma f l~x e s . 1~ Its timedependence was measured directly with a calibration loop,15 and the effect was taken into account in this experiment, Modelling indicates that the slowingdown time of the alpha particles should be 0.5 -0.7 s, and that ash should appear in the core throughout the deuterium-only phase of injection. The ash source was calculated with the TRANSP code,l6 using measured plasma profiles, calculated beam deposition, and calculations of the alpha particle source and trapport. Neutron emissivity profiles, measured by a neutron collimator diagnostic,l7~18 agree with modelled profile shapes and amplitudes. The profiles are strongly peaked, and have a HWHM of about 20% of the minor radius of the plasma. The alpha particles are assumed to transport classically until their energy is equal to 3/2 the local ion temperature. Below this energy, the alpha particles (now helium ash) are subject to prescribed transport coefficients. Modelling indicates that the energetic alpha particle transport should be modest, and that the helium ash thermalization profile should have the same shape as that of the neutrons. Single-point measurements of the central alpha particle density and energy distribution between 100 -600 keV, measured with the alpha-CHERS diagnostic,lg are consistent with modelling predictions of good confinement of the alpha particles. The measured energy distribution of the alphas between 250 keV and 2 MeV, made by examining charge exchange products following lithium pellet injection in other DT plasmas, is also consistent with classical tran~port.2~ Also, probe measurements indicate fast alpha particle losses are small in a wide range of DT plasmas.21 The transport coefficients for the thermalized ash were determined by helium gas puffing in a 1 MA plasma previously described.12 The helium diffusivity, D H~, is on the order of the effective thermal conductivity, Xeff, throughout the plasma cross section, while the convective pinch, V H~, is inward and on the order of -1 m/s near the axis, near zero at r/a = 0.5, and --5 m/s near the plasma periphery.
Late in time, a distinct increase in the brightness of the thermal portion of the CHEW spectrum is found in the DT plasmas as compared to their DD counterparts, corresponding to a local increase in the helium density in DT as compared to DD. Spectra from a sightline passing through the neuaal beam at r/a = 0.45 are shown in Fig. 2 for two plasma pairs. The first (Fig. 2(a) and 2(b) ) is a DT-DD pair at nearly the same powers (22 and 21 MW, respectively, in the high power phase), and the second is another pair of matched DD-only plasmas (27 M W in the high power phase; Fig. 2(c) and   2(d) ). At 3.45 s, before alpha particles are expected to be thermalized, the helium spectra for a given sightline are indistinguishable. However, at 4.75 s, an increase in the total helium line brighmess is found in the DT plasma as compared to the DD case. This difference is seen on all spatial channels, and in other DT-DD shot pairs. The edge ion temperature and electron density typically varies by less . + than 5% in the DT-DD and DD-DD pairs, indicating that changes in helium influx from the wall are not likely causes of the difference in the overall helium density.
Determination of the ash density requires separation of the beam-induced portion of the signal from emission from the plasma periphery. For profile measurements at the end of the neutral beam phase, the spectrum measured just after beam turn-off was subtracted fiom that measured just prior to beam turn-off. A correction of about 10% in the helium'edge brightness, resulting from the decay of the emission following beam turn-off, was applied. It was determined by observing the edge emission behavior with high time resolution (10 ms). Because different combinations of gaussians often yield equally plausible fits, the beam-induced portion of the total line brightness was extracted by modelling the time behavior of the brightness of the edge emission.22 Plume emission23 was separated from the charge-exchange component by solving for the total brightness with a selfconsistent model that iterates an assumed helium profile shape until agreement with the measured total radial brightness profile is reached. The plume can approach the charge exchange component in toml brightness, but is common to both plasmas. The CHERS system was calibrated by introducing a small helium gas puff to similar DD discharges. The total electron number rise following the puff was measured, and the change was attributed entirely to helium. Calibration in this manner yields a system response function that includes the effects of both plume and prompt emission.
The radial helium ash profile shape and total particle number late in time indicates that the ash transports rapidly from the central source region to the plasma periphery, where it is pumped.
Measured and modelled profdes are shown in Fig. 3(a) for 4 .75 s. The ash profile is inferred from the difference in the local helium densities measured in the DT and DD shot. The measured profde shape is broad, in agreement w i t h the modelling. The measured total ash particle number agrees with the TRANSP simulations only if the recycling coefficient RH^ is below unity. A value of 0.85 was used since it reproduces helium decay times following a short gas puff in plasmas with similar working gas wall pumping characteristics. Under the assumption of zero radial transport (perfect confinement), the modelled profile shape is much more peaked than that measured, and yields a central helium density and a total helium particle number that is larger by a factor of two.
The total helium ash residence time in the vacuum vessel, z&, is 1.2 zt 0.3 s, about (6 -IO)TE, and consistent with the requirements for a sustained fusion bum in a reactorP Here, ZE is the global energy confinement time. The residence time was determined from the continuity equation, dNH$dt = -NHe/Z& + SHe, where N H~ is the measured total heIium ash particle number and S H~ is the calculated volume-integrated alpha particle thermalization (central ash source) rate. This value of & agrees with that deduced independently from helium gas puffing. However, the helium particle confinement time ZHe (which does not include recycling effects), obtained with the calculated central ash source profile and the measured DHe and VHe, is about 0.3 s, or 27~. Therefore, edge reflux, and not core transport, will be the limiting factor determining helium removal from a reactor-grade plasma with core transport mechanisms similar to TFTR supershots. The dominance of the edge source over the central source late in time is ihstrated in Fig. 3@ ). That %He is larger than but on the order of ZE is born from the similarity between D H~ and Xeff, the fact that the central helium ash source is somewhat more peaked that the heating source, and the influence of V H~ at the edge of the plasma.
Finally, the agreement between the measured and modelled helium ash time evolution indicates that the alpha particle slowing-down calculations are reasonable. Shown in Fig. 4(a) and 4(c) is the beam-induced helium line brightness (prompt charge exchange emission, plus plume emission) for sightlines passing through the beams at r/a = 0.24 and at r/a = 0.8. In Fig. 4 (b) and 4(d), the difference in the inferred local helium density between the DT and the DD plasmas is shown, including the effects of time-vaxying beam attenuation. The attenuation changes are common to both plasmas, and thus the relative increase in the brightness in the DT plasma is a signature of a local helium density increase. Best agreement between the modelling and the measurement is obtained using the measured values of D H~ and If the assumed transport coefficients are reduced, the density increase near the axis at the end of injection is expected to be larger than that m e a s d at the end of neutral beam injection, owing to the longer core ash confinement time in this case. If the transport is assumed to be faster than that measured from the gas puffs, ash particles are expected to be lost from the plasma more quickly than observed, resulting in lower core densities.
In summary, helium ash has been measured in TFTR DT discharges. The limiting factor determining steady-state ash densities in a reactor-grade plasma is likely to be edge helium reflux rather than core transport if the basic transport mechanisms are similar to those in TFTR supershots.
Also, the time scale of the appearance of alpha particles as ash is consistent with modelling results.
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